Introduction
There has been tremendous recent research activity on perovskite BiFeO 3 because of its room temperature multiferroism. [ 1 ] Perhaps of equal interest are its ferroelectric properties: it shows one of the largest known electric polarizations ( ≈ 90 μ C cm − 2 ), is lead-free, and has a small ( ≈ 2 eV) band gap which is likely responsible for recent reports of conducting domain walls [ 2 ] and enhanced photovoltaic behavior. [ 3 ] Chemical modification of BiFeO 3 is proving to be a valuable route to enhancing its properties. For example rare-earth substitution has been shown to increase resistivity by minimizing leakage currents, [4] [5] [6] [7] as well as inducing a crossover from rhombohedral R3c to an orthorhombic antipolar PbZrO 3 -like Pbnm structure enhancing the piezoelectric properties for chemical compositions in the crossover region between. [8] [9] [10] Additional codoping with Ti 4 + has also recently been shown to be highly effective at reducing leakage currents in Nd-doped BiFeO 3 , [ 11 ] but over-doping with Ti reduces long range antipolar ordering and signifi cantly reduces the Curie temperature ( T C ) in a nonlinear, and hitherto unknown manner, [ 11 ] and it has recently been shown that this is associated with the creation of novel precipitates with a structure that is not well understood. [ 12 ] Here, we report the formation of self-assembled, coherent precipitates of well-defi ned Nd nanorods only 2 atomic columns thick. The structure and chemistry of the Nd nanorods is elucidated by scanning transmission electron microscopy combined with fi rst principles calculations. Electronic structure calculations predict the nanorod precipitates to be electrically conducting, demonstrating the possibility of self-assembled, nanometre wide, conducting channels in a resistive, ferroic matrix.
Results and Discussion

Atomic Resolution Imaging and Chemical Mapping of the Nanorods
In Figure 1 we show an atomic resolution high angle annular dark fi eld (HAADF) scanning transmission electron microscopy (STEM) image of [001] oriented BiFeO 3 codoped with ≈ 15% Nd on the A site and ≈ 10% Ti on the B site. The most striking features of the image are the distinctive 8-atom column defects that are approximately evenly spaced in the (001) plane. Similar features are observed throughout the sample. In order to
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In Figure 2 a we show an atomic resolution high angle annular dark fi eld (HAADF) scanning transmission electron microscopy of two 8-atom column defects. The bright spots show the positions of the A-site Bi/Nd columns, and the weaker spots the B-site Fe/Ti columns. These defects may also be viewed in the side-on orientation, as shown in Figure 3 a. (Both Figure 2 a and Figure 3 a were created by repeated fast scanning of an area containing the defect, followed by cross correlation and summation to create a high signal-to-noise image with minimal distortion from drift, [ 13 , 14 ] ) In Figure 3 a the [001] direction of the primitive perovskite cell lies in the sample plane and the viewing direction is [100] . It is clear from this second image that the defects are rod-shaped, with the long axis always oriented along the [001] direction. In addition, the HAADF image shows characteristic additional bright columns of atoms (arrows) lying between the A-site atoms. Further examples of side-view images of these defects are shown in Figure S5 (Supporing Information), and these defects have a wide range of lengths from just about 3 unit cells ( ≈ 1.2 nm) up to more than 10 nm; on account of their rod morphology and nanometre scale these are henceforth referred to as nanorods.
To determine the chemistry of the nanorods, we next use atomic resolution chemical mapping using electron energy loss spectrum imaging (EELS-SI). Atomic resolution maps of the elemental distribution of Fe, Ti and Nd derived from an EELS-SI of one nanorod in "top view" (along [001] ) are shown in Figure 2 b-e. The EELS-SI data show clearly that the central part of the nanorod is lacking in B-site cations (Fe/Ti) and that the understand these defects in detail, we fi rst applied techniques for quantitative STEM imaging from two orthogonal projections combined with chemical mapping using electron energy loss spectrum imagine (EELS-SI) to provide the data required for the development of a three dimensional model of these defects. ture of the O K-edge in the nanorod core using a spectrum summed from a selected 7 × 7 square of pixels of the spectrum image centred around a Nd column and the same selection size around an expected column position for the oxygen in the perovskite matrix at the top of the image, in each case recording background subtracted O K-edge spectra in three different locations. For comparison a reference spectrum from Nd 2 O 3 is also shown. [ 17 ] We fi nd signifi cant differences between the nanorod and matrix spectra. As expected, the spectra from the matrix correspond well to the spectra from bulk doped BiFeO 3 (see for instance Saeterli et al . [ 18 ] ). The Nd-rich core, in contrast, gives an A 2 peak of similar height to the A 1 peak and the whole O post-edge region after the A 1 and A 2 peaks is fl atter than for the matrix. This is consistent with previously recorded spectra for Nd 2 O 3 where the A 1 and A 2 peaks are of similar height and the B peak is weaker, and this suggests that the core of the nanorod is chemically similar to neodymium oxide. To show this local variation visually we next map the local chemistry from the EELS-SI using multiple linear least squares (MLLS) fi tting. This was done by fi tting the observed O K edge shape at each point in the spectrum image as a linear combination of our measured O-K edge profi le from the BiFeO 3 matrix and a Nd 2 O 3 standard electron energy loss spectrum. [ 17 ] 
The 3-Dimensional Structure of the Nanorods
In view of the fact that the exact positions of the oxygen atoms could not be determined experimentally, next we use density functional theory within the local density approximation plus Hubbard U method to calculate the lowest energy arrangement of the atoms. We begin by measuring the positions of the bright A-site (i.e., Bi/Nd) columns from HAADF images of six different nanorods and averaging. The average uncertainty for A-site positions in the nanorods was then ≈ 14 pm. The full details of average atomic positions and standard deviations are given in the Supporting Information ( Figure S2 and Table S1 ). Our resulting model has 2 columns of Nd ions surrounded by a matrix of bulk-like BiFeO 3 , which is very distorted close to the two central columns are Nd-rich. Nd is also found in other columns around the nanorod, but in smaller and variable quantities consistent with its alloying with Bi in the matrix; spectrum images of regions without nanorods show a random and nonuniform distribution of Nd on the A sites. Most nanorods do not persist through the entire thickness as is discussed further in the Supporting Information with the aid of image simulations. In addition, the electron beam tends to spread signifi cantly after channelling along a heavy column for a few unit cells resulting in signifi cant background signals in both imaging and spectroscopy. [ 15 ] Thus, each atomic column in the spectrum image will also contain unknown contributions from the BiFeO 3 matrix and the chemistry cannot be absolutely quantifi ed from the EELS-SI. The Ti map, Figure 2 d, shows that at least one column at the edge of the nanorod is enriched in Ti (see also Figure S4 , Supporting Information). Oxygen maps were also created, but revealed little information on precise atomic positions in the nanorods (see the Supporting Information). This lack of resolution of individual atoms probably occurs because of a reduced spatial resolution for the elemental mapping, possibly due to delocalisation of the excitation of the O-K edge. [ 16 ] In the core of the nanorods, the mapping tells us that the nanorods have similar oxygen content to the matrix, but it is diffi cult to determine the precise location of oxygen in the nanorods.
In order to understand the chemical identity of the atoms in between the A-site positions, EELS-SI was performed on 17 nanorods from the side-on view. An example of a map derived from one of these spectrum images is shown in Figure 3 b-e. Figure 3 b shows the Fe map, which is similar in the matrix and immediately adjacent to the nanorod core. In contrast, the Nd map (Figure 3 c) shows a clear concentration to some sites in the nanorod core. Finally, the Ti map (Figure 3 d) indicates a depletion of Ti in the core and a slight enrichment at some sites on the edge of the nanorod. The three-colour RGB overlay reveals that some of the Nd sites at the nanorod core lie in the same plane as the Fe atoms, and not in the main A-site (Bi,Nd) columns. We conclude, therefore, that the "halfway" positions pointed out previously in the HAADF image of Figure 3 a are occupied by Nd atoms. We see also that the Nd atoms in the surrounding matrix occupy the expected A-site positions.
Since the EELS-SI oxygen maps reveal relatively little about the oxygen distribution, we next measure the oxygen energy loss near-edge structure (ELNES) to investigate the oxygen local bonding in the nanorods. In Figure 2 f we compare the struc- The atomic positions were then relaxed fully using density functional theory (DFT). Note that, since our calculated supercell matrix does not contain Nd, our structural optimizations obtained the a − a − a − octahedral tilt structure of undoped BiFeO 3 ; when we imposed the a − a − c 0 pattern of the PbZrO 3 -type structure found in samples with this level of Nd doping, (which we could not subsequently allow to relax) we obtained the same qualitative behavior that we present here. (Doping of the matrix with Nd was not included in our calculations due to the extra complexity this would introduce in the DFT calculations).
Our lowest energy calculated nanorod/matrix is shown in Figure 4 . To confi rm its validity, we simulated its HAADF image using the frozen phonon treatment of thermal diffuse scattering within the QSTEM multislice simulation package. [ 19 ] Excellent qualitative agreement between the simulated and measured images was obtained ( Figure S10 , Supporting Information). Perhaps the most striking structural feature of our calculated structures is the presence of (Fe/Ti)-O 5 square-based pyramids containing fi ve-coordinated Fe/Ti ions immediately adjacent to the Nd-rich core; in contrast bulk BiFeO 3 contains FeO 6 octahedra. We fi nd that oxygen atoms have transferred from the FeO 6 octahedra to the Nd-rich core, so that the Nd ions become seven-coordinated. This is accompanied by signifi cant off-centring of the B-site ions, especially the Fe ions above the Nd-rich core, which reproduces contrast in image simulations very much like the experimental observations ( Figure S10 , Supporting Information). We fi nd that this confi guration of fi ve-coordinated Fe/Ti and seven-coordinated Nd has lower energy than cornersharing NdO 6 and FeO 6 octahedra. One origin of this confi guration is likely chemical: the larger and more electropositive Nd 3 + ions have a greater affi nity for oxygen ions than Fe 3 + ions do, and while Nd 3 + is commonly found with a coordination number of 6 or higher in oxides, the coordination number of Fe 3 + is usually 6 or lower (see the Supporting Information, Figures S7-9 for further discussion of these points). We note also that the FeO 5 square pyramids we fi nd here are reminiscent of the socalled T-phase that is commonly found in strained thin fi lms of BiFeO 3 . [ 20 , 21 ] Here, the "internal strain" caused by the cores of the nanorods, which contain only two A-site cations where there would be three in bulk BiFeO 3 , appears to induce an analogous local phase change on the surrounding cells of perovskite BiFeO 3 . Conversely, the ability of BiFeO 3 to adapt to the anisotropic local strain by morphing smoothly between structural allotropes likely facilitates the spontaneous formation of the nanorods, where their formation in a "harder" matrix material would introduce prohibitively large local strains. Indeed, super-saturated solid solutions usually form spherical rather than rod-shaped precipitates because the former minimize the unfavorable interfacial energy. The fact that rod-shaped precipitates have formed here suggests a signifi cantly lower interfacial energy between the core and the matrix. We note that local regions of T-phase have also been reported at the BiFeO 3 -Bi 2 O 3 interface in thin fi lms [ 22 ] and are predicted theoretically in Fe-doped Bi-based Aurivillius phase compounds. [ 23 ] The local tensile strain may also favor segregation of the smaller Ti 4 + ions towards the nanorod/matrix interface, where confi gurational entropy would favor a random distribution of Ti in the matrix, although here the compensation of the higher valence Ti 4 + B-site cations by the A-site vacancies likely also plays a role. As noted in the Supporting Information, the DFT calculations show that segregation of Ti to one column around the nanorod is energetically favorable in agreement with the experimental results such as Figure 1 d . Indeed, as discussed in more detail elsewhere, [ 12 ] the very formation of the nanorods is likely caused by the creation of A-site vacancies, specifi cally exsolving a proportion of the Nd 3 + , as an ionic compensation mechanism associated with the doping of an excess of Ti 4 + into the ceramic.
Properties of the Nanorods and their Effects on the Perovskite Matrix
Strain Interactions with the Matrix, Spontaneous Alignment and Domain Pinning
In addition to the interplay between strain and local B-site coordination, it is likely that the observed parallel alignment of the nanorods is caused by minimization of strain energy in the system. Our observation (see the Supporting Information for micrographs and diffraction patterns) that the precipitates are always parallel to specifi cally the [001] axis of the Pbam BiFeO 3 matrix is of particular interest since the nanorods form at high temperature during sintering, whereas the ferroelastic domain structure forms in a phase transition from a paraelectric (PE) Pbnm structure to antiferroelectric (AFE) Pbam structure www.afm-journal.de www.MaterialsViews.com wileyonlinelibrary.comthe local magnetic dipolar order. The magnetic structure of the nanorods and its infl uence the surrounding perovskite and the bulk magnetic properties requires further study.
Conclusions
We have demonstrated the spontaneous formation and selfassembly of Nd-rich nanorods in BiFeO 3 codoped with Nd and Ti. We characterised the structure of the nanorods and the surrounding interfacial region using a combination of atomic resolution imaging and spectroscopy in the scanning transmission electron microscope and density functional calculations. Our calculations suggest an interplay between strain and structure in the nanorods and surrounding matrix, with (i) the nanorods stabilized by and/or inducing the formation of local "T-phase" BiFeO 3 in the interfacial region, and (ii) the spontaneous alignment of the nanorods correlating with the domain structure in the BiFeO 3 matrix. Electronic structure calculations predict that the nanorods have higher electrical conductivity than the surrounding, insulating matrix, paving the way to additional novel functionalities in multiferroic BiFeO 3 .
Experimental Section
Materials Synthesis and TEM Sample Preparation : Ceramic specimens with a nominal composition of Bi 0.85 Nd 0.15 Fe 0.9 Ti 0.1 O 3 were fabricated by transition at ≈ 250 ° C. [ 11 ] At the PE-AFE transition the cell doubles along the b axis and there is a volume change of ≈ 2% dominated by an anisotropic expansion of the pseudocubic b axis. [ 10 ] It is likely, therefore that the nanorods formed parallel to the [001] axis in the high temperature Pbnm phase (also sometimes referred to in an alternate cell setting as Pnma [ 24 ] ) and that this specifi c alignment is energetically favored by strain considerations. Whilst it is unclear whether the growth of ferroelastic domains in the AFE structure is purely determined by the domain structure in the PE structure, or whether the additional strain fi elds of the nanorods also plays a role, it is likely that the presence of these aligned strain fi elds from the nanorods will strongly infl uence domain alignment and make AFE-FE switching more diffi cult. Moreover, if the parallel nanorods could be generated in an FE composition, the nanorods will act as pinning centres for domain wall motion under applied fi eld, hardening the FE behavior. The PE-FE transition also shows a large volume change and it is anticipated that similar domainprecipitate alignment is feasible. Their presence and confi guration therefore hints at subtle ways in which domain structures in RE-doped BiFeO 3 may be engineered, a subject of potential importance for thin fi lm applications.
Electronic Properties of the Nanorods
Finally, we use density functional theory to calculate the electronic properties of our nanorods. Our calculated local densities of states (DOS) are shown in Figure 5 . We fi nd that the electronic structure of the nanorods and the adjacent interface layer deviates strongly from that of the BiFeO 3 matrix. In particular, the nanorods have a fi nite DOS at the Fermi energy indicating that we should expect them to be more electrically conducting than the BiFeO 3 matrix. Bi p states dominate the electronic structure at E F , with contributions from Bi s , O p and Nd d states (see the Supporting information). In addition, the band gap is reduced to 0.8 eV in the interfacial BiFeO 3 region immediately next to the Nd oxide core (Figure 5 b) . The origin of the reduction is the lowering in energy of the Fe d states at the bottom of the conduction band due to the reduction in crystal fi eld splitting. The electronic structure of the matrix region is very similar to that of bulk BiFeO 3 from our own calculations ( Figure 5 c) and previous studies [ 25 ] and shows the calculated literature band gap of ≈ 2.0 eV. While in our current study the matrix is antipolar Pbam , we expect that similar precipitates will form in compositions with < 15% Nd which are reported to be ferroelectric and rhombohedral. [ 11 ] Conducting self-assembled parallel nanorods in a ferroelectric matrix could open intriguing new device directions, and verifi cation of our predicted electrical properties will be the focus of future work.
Possible Magnetic Effects of the Nanorods
The presence of the nanorods may also have some infl uence on magnetic properties. Kalantari et al. [ 11 ] have reported that Ti-doping in the B-site of the ABO 3 perovskite lattice decreases T N monotonically. However, there is a small lattice distortion associated with T N whose latent heat is visible by differential scanning calorimetry. [ 11 ] Local strain centres surrounding the nanorods may therefore infl uence the precise confi guration of 2 precursors by calcination at 1020 ° C for 3 h and sintering at 1050 ° C for 3 h. Fuller details are given elsewhere. [ 11 ] Specimens were prepared for transmission electron microscopy using a conventional procedure of sawing, mechanical thinning, dimpling, and ion beam thinning, followed by coating with a thin (few nm), even layer of carbon to prevent charging under the electron beam during microscopy. Suitable areas for HR-STEM were identifi ed using conventional transmission electron microscopy using diffraction and imaging with a Tecnai T20 (FEI, Eindhoven, Netherlands) operated at 200 kV.
Scanning Transmission Electron Microscopy : High resolution scanning transmission electron microscopy was performed at the SuperSTEM facility using the Nion UltraSTEM microscope operated at an accelerating voltage of 100 kV. The beam convergence semiangle was 30 mrad and the HAADF detector had an inner radius of 70 mrad and an effective outer radius of 180 mrad. HAADF images for quantitative structure measurements were recorded rapidly at about 10 μ s per pixel with multiple repeated scanning in a movie mode, followed by alignment and summation using the SDSD software. [ 26 ] Atomic positions were quantitatively measured using the iMtools software, [ 27 ] and were then corrected for the effects of scanning distortions in a similar manner to a previous publication.
[ 14 ] Further details of the precise procedure are included in the Supporting Information.
EELS-SI datasets were recorded using dwell times of between 0.05 and 0.2 s per pixel and a dispersion of 0.7 eV/channel using a Gatan spectrometer with an acceptance semiangle of 31 mrad. To reduce the amount of noise in maps, the spectrum images were processed using Principal Component Analysis using the software tool of Watanabe. [ 28 ] For the maps shown in this paper, it was found that about 10-20 components were usually suffi cient to separate the elemental signals from the noise effectively. Maps were created using the procedure set out in more detail in the Supporting Information and are normalised for the total signal entering the spectrometer and are smoothed using a weak low pass fi lter to minimise noise in the fi nal maps, although the raw maps are also displayed in the Supporting Information.
Density Functional Theory: Density functional theory calculations were performed with the VASP code [ 29 , 30 ] using the Dudarev implementation of GGA + U, [ 31 , 32 ] with a U eff of 4 eV on Fe. We used projector augmented wave [ 33 ] (PAW) method with the Bi_d, Ti_sv, Fe_pv and O standard PBE potentials supplied with VASP. The f-electrons of Nd were kept frozen in the core by using the special Nd_3 PBE potential. A Nd 4 Bi 66 Ti 2 Fe 62 O 202 supercell was constructed to model the Nd nanorod precipitates, together with the surrounding interface and matrix BiFeO 3 , where antiferromagnetic G-type order was imposed. We used a 1 × 1 × 3 Γ -centred k-point grid to sample the Brillouin zone and the plane-wave cutoff energy was set to 500 eV. The Bi and Nd ions where kept at positions obtained from HAADF images during structural relaxations with fi xed experimental lattice vectors of 23.79 Å × 23.79 Å × 7.81 Å, [ 10 ] while the Fe, Ti and O ions where relaxed until the forces were < 0.05 eV Å − 1 .
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